INTRODUCTION {#s1}
============

Keloid is a common dermal fibro-proliferative disease unique to human. This disease possesses some features of tumor and commonly occurs after skin injury, characterized by the excessive deposition of extracellular matrix \[[@R1]\]. Skin lesion is prone to formating on specific areas of the body, such as chest, shoulders, neck, ears. This disease can occur in all races, however it is more prevalent in dark-skined individuals (African American, Asian, Hispanic), with a higher incidence in females \[[@R2]\]. It is difficult to distinguish keloid from hypertrophic scarring in the early stage, but the former usually has the characteristics of pruritic and painful feelings, invasively growing beyond the original wound boundary, sustained growth and rarely regressing spontaneously with time, high recurrence by surgical excision \[[@R2], [@R3]\]. The etiopathogenesis of keloid formation remains unclear. Keloid can occur sporadically or in familial aggregates, both genetic and external factors (such as trauma) play significant roles in its formation \[[@R4]\]. Therefore, recent studies on keloid formation mechanisms have gradually shifted away from genetics to epigenetics, which include DNA methylation, histone modification and the role of non-coding RNAs, such as microRNAs (miRNAs) \[[@R5]\].

miRNAs are a class of endogenous, small, non-coding, single-stranded RNA molecules, with the length of about 22 nucleotides. MiRNAs can bind with the 3'-untranslated region of the target genes and inhibit the expression of the corresponding genes by degradating mRNA or inhibiting the translation of mRNA. They play important roles in various physiological and pathological processes \[[@R6]\]. Recent studies have demonstrated that some of the miRNAs could play pivotal roles in keloid scarring by regulating fibroblast proliferation, apoptosis and epithelial-mesenchymal transition (EMT) \[[@R1], [@R7], [@R8]\].

So far, several studies have been carried out to screen the differential miRNA expression profiles in skin tissue, isolated fibroblasts and serum of keloid \[[@R7], [@R9]--[@R14]\]. However, the results of different studies are not consistent. In this study, we aimed to identify the miRNA expression profiles in keloid and investigate the biological functions of miRNA-31 that may serve as a novel target for prevention and treatment in keloid scarring.

RESULTS {#s2}
=======

The expression of miRNA-31 was upregulated in keloid {#s2_1}
----------------------------------------------------

In total, 12 studies were initially retrieved, of which 2 studies with overlapping data, 5 studies that did not meet the inclusion criteria were excluded, leaving 7 studies that were used to perform subsequent microRNA screening of microarray data \[[@R7], [@R12]--[@R17]\]. In the included studies, 5 studies focused on keloid, and the other two studies on hypertrophic scar, involving a total of 141 different miRNAs. In 93 up-regulated miRNAs, 17 significant miRNAs were reported in at least 2 studies. Interestingly, two miRNAs, including miRNA-31 and miRNA-214, were detected by 4 studies, indicating that the both miRNAs are the common regulation factor of fibrotic disease, and may play an important role in keloid scarring (Figure [1A, 1B](#F1){ref-type="fig"}).

![Combined analysis of previous miRNAs microarray studies\
**(A)**, 93 up-regulated miRNAs in seven studies; **(B)**, frequency of different miRNAs in various studies.](oncotarget-08-74623-g001){#F1}

The expression of miRNA-31 was further validated by qRT-PCR in the skin biopsy samples of 15 keloid patients and 15 healthy controls. The results showed that the level of miRNA-31 was increased more than 3 folds (Figure [2A](#F2){ref-type="fig"}). In addition, we also explored the expression of miRNA-31 in keloid-derived fibroblasts and normal human fibroblasts, which was consistent with our combined analysis of previous microarray results (Figure [2B](#F2){ref-type="fig"}).

![The expression of miRNA-31 in tissues and cells\
**(A)**, keloid tissue and healthy control tissue; **(B)**, keloid-derived fibroblasts (KDF) and normal human fibroblasts (NHF).](oncotarget-08-74623-g002){#F2}

Bioinformatics analysis and functional prediction of miRNA-31 {#s2_2}
-------------------------------------------------------------

TargetScan, PicTar and miRanda were used to predict the target genes of miRNA-31. The result showed there were 114 predicted target genes of miRNA-31 in all of the three programs.

According to GO and KEGG pathway analysis using DAVID, most of these target genes were enriched in the biological process of binding, cellular process, regulation of cell part. They were mainly related to a series of biological processes, such as FGF signaling pathway, EGF receptor signaling pathway, angiogenesis and Wnt signaling pathway (Figure [3A, 3B](#F3){ref-type="fig"}).

![Bioinformatic analysis and functional prediction of miRNA-31\
**(A)**, GO analysis of miRNA-31 target genes; **(B)**, KEGG pathway analysis.](oncotarget-08-74623-g003){#F3}

Downregulation of miRNA-31 decreases proliferation, induces apoptosis and inhibits cell cycle of keloid-derived fibroblasts {#s2_3}
---------------------------------------------------------------------------------------------------------------------------

miR-31 inhibitor and relevant negative control were transfected into keloid-derived fibroblasts. The proliferation of fibroblasts was measured by CCK -8 assay. The result showed miR-31 inhibitor significantly inhibited fibroblasts vitality than negative control (Figure [4A](#F4){ref-type="fig"}). The effect of miR-31 on S phase of cell cycle progression was verified using EdU assay (Figure [4B, 4C](#F4){ref-type="fig"}). EdU staining demonstrated that miR-31 inhibitor treatment significantly suppressed DNA synthesis of fibroblasts than negative control treatment, and inhibited proliferation of fibroblasts, as demonstrated by CCK-8 assay.

![Effect of miRNA-31 on cell proliferation ability of keloid-derived fibroblasts using **(A),** CCK8 assay; **(B,C),** EdU assay. NC, negative control.](oncotarget-08-74623-g004){#F4}

Cell apoptosis and cell cycle were detected by flow cytometer. The apoptosis rate was upregulated when fibroblasts were transfected with miRNA-31 inhibitor (Figure [4A, 4B](#F4){ref-type="fig"}). The results of cell cycle demonstrated that the cellular proportion in G0/G1 phase in miRNA-31 inhibitor group was increased to 78.8% (Figure [5C, 5D](#F5){ref-type="fig"}).

![Effect of miRNA-31 on **(A, B),** apoptosis and **(C),** cell cycle of fibroblasts. NC, negative control.](oncotarget-08-74623-g005){#F5}

*HIF1AN* is the target gene of miRNA-31 in keloid-derived fibroblasts {#s2_4}
---------------------------------------------------------------------

Through the query in the TARGETSCAN database (<http://www.targetscan.org>, Version 7.1), we predicted that there was a consequential pairing between miRNA-31 and binding sites in the 3' UTR of the gene *HIF1AN* (Figure [6C](#F6){ref-type="fig"}). Luciferase reporter assays were performed to validate whether *HIF1AN* expression was indeed a direct target of miRNA-31. Results showed that miRNA-31 inhibited luciferase activity in fibroblasts with the wild-type *HIF1AN* 3'-UTR reporter plasmid carried (Figure [6D](#F6){ref-type="fig"}). Indicating that miRNA-31 directly binds to *HIF1AN* 3'-UTR at the predicted binding sites.

![**(A, B),** The expression levels of HIF1AN were examined by Western blotting after the downregulation of miRNA-31; **(C),** miRNA-31 binding sites within *HIF1AN* 3'UTR; **(D),** Luciferase activity assays with the wild-type 3'UTR or mutated 3'UTR of *HIF1AN* cotransfeced with vector or miRNA-31. The luciferase values were normalized to the firefly luciferase activity and plotted as relative luciferase activity. NC, negative control.](oncotarget-08-74623-g006){#F6}

In order to investigate whether miRNA-31 can affect the expression of *HIF1AN*, we extracted the total protein of fibroblasts and carried out the Western blotting. The results demonstrated that the expression level of HIF1AN increased significantly after the transfection of miRNA -31 inhibitor (Figure [6A, 6B](#F6){ref-type="fig"}). At the same time, we noted that the expression of miRNA-31 was negatively correlated with the protein level of HIF1AN. These results indicated that *HIF1AN* was a direct target gene of miRNA-31.

HIF1AN is crucial to cell proliferation, apoptosis and cell cycle of keloid-derived fibroblasts {#s2_5}
-----------------------------------------------------------------------------------------------

To explore the possible signaling pathways involving miRNA-31 and *HIF1AN* in keloid-derived fibroblasts, HIF-1α and VEGF expression level were detected. Compared to negative control group, the expression level of protein HIF1AN decreased in fibroblasts treated with specific *HIF1AN* siRNA. Meanwhile, co-treatment with *HIF1AN* siRNA and miRNA-31 inhibitor significantly downregulated the level of HIF1AN than miRNA-31 inhibitor treated cells, while the expression level of protein VEGF increased (Figure [7](#F7){ref-type="fig"}). However, we could not find the similar changing trend of HIF-1α.

![The expression levels of HIF1AN, HIF-1α and VEGF were examined by Western blotting after the downregulation of miRNA-31 and HIF1AN\
NC, negative control.](oncotarget-08-74623-g007){#F7}

We then explored the effect of *HIF1AN* knockdown on cell proliferation, cell apoptosis and cell cycle progression. *HIF1AN* siRNA significantly induced the cell proliferation ability, inhibited cell apoptosis and blocked fewer cell in S-phase of cell cycle (Figure [8](#F8){ref-type="fig"}, [9](#F9){ref-type="fig"}). These results suggested that miRNA-31 may regulate the proliferation, apoptosis and cell cycle of keloid-derived fibroblasts via HIF-1α/VEGF signaling pathway by targeting *HIF1AN.*

![Effects of miRNA-31 siRNA and HIF1AN siRNA on cell proliferation ability of fibroblasts using **(A),** CCK8 assay; **(B,C),** EdU assay.](oncotarget-08-74623-g008){#F8}

![Effects of miRNA-31 siRNA and HIF1AN siRNA on **(A, B),** apoptosis and **(C, D),** cell cycle of fibroblasts.](oncotarget-08-74623-g009){#F9}

DISCUSSION {#s3}
==========

Keloid is abnormal process of fibroblast proliferation and collagen formation after skin injury. Previous studies have demonstrated that many miRNAs were differentially expressed in the skin tissues of keloid and regulated pathologic process involved in skin fibrosis \[[@R18]\]. Liu Y *et al.* explored the miRNA expression profiles in tissues, fibroblasts and serum of keloid using miRNA microarray \[[@R9]--[@R11]\]. They showed some miRNAs were significantly altered compared with the controls and these miRNAs were demonstrated to be involved in relevant signaling pathways important for keloid scarring. miRNA-21, miRNA-181a were up-regulated in keloid and these miRNAs may negatively regulate *PTEN* and *PHLPP2* expression at the post-transcriptional level \[[@R7], [@R18]\]. Several studies also found miRNA-205, miRNA-200b, miRNA-199a, miRNA-196a and miRNA-29 were lower in keloid, which regulated the cell proliferation, apoptosis, collagen excessive deposition in human keloid fibroblasts via targeting vascular endothelial growth factor (VEGF), collagen I and collagen III \[[@R10], [@R12], [@R14], [@R19], [@R20]\]. Therefore, these miRNAs have been considered as potential biological markers and treatment tools in keloid scarring.

On the basis of previous miRNA microarray studies, we screened another miRNA, miRNA-31, that may have important regulatory potential in keloid. However, so far, the possible roles of miRNA-31 in this pathogenic process are still unclear. A large number of studies have demonstrated this common miRNA may be associated with skin cancers, psoriasis and autoimmune diseases. miRNA-31 has been found to be dramatically upregulated in psoriatic lesions. Further studies demonstrated that miRNA-31 was related to keratinocytes proliferation and differentiation, miRNA-31 transcription could be induced by NF-kB and thus promoted cell proliferation via inhibiting protein phosphatase 6 (ppp6c) \[[@R21]\]. *HIF1AN* which is inversely associated with Notch activity could be suppressed by miRNA-31 thus promoting cell differentiation. Inflammatory cytokines can promote miRNA-31 transcription, and miRNA-31 participates in psoriasis inflammation through affecting the secretion of inflammatory cytokines by targeting serine/threonine kinase 40 (STK40) which can negatively regulate NF-kB pathway \[[@R22]\]. Wang *et al.* found that miRNA-31 was also overexpressed in cutaneous squamous cell carcinoma (cSCC) and promoting effects of miRNA-31 in cell migration, invasion and colony formation of cSCC indicated the oncogenic role of miRNA-31 in cSCC \[[@R23]\]. However, there are contrary expression and functions of miRNA-31 in other tumors \[[@R24]\]. For example, Asangani *et al.* found miRNA-31 was downregulated in melanoma which perhaps act as an outcome of DNA methylation and histone methylation mediated by *EZH2*; miRNA-31 could inhibit the migration and invasion of melanoma cells, it might play a tumor suppressor role by inhibiting oncogenes *SRC, NIK, RAB27a, MET* \[[@R25]\]. In the present study, we demonstrated that miRNA-31 functions in the development of keloid scarring by negative regulation of the major components in the cell proliferation and cell apoptosis.

Here we confirmed that miRNA-31 was upregulated in keloid tissues and keloid-derived fibroblasts. We further found that *HIF1AN* was a target of miRNA-31. Previous studies demonstrated that HIF1AN, as an asparagine hydroxylase, has been shown to form a ternary complex with an E3 Ubiquitin ligase. HIF1AN could regulate the stability and activity of HIF-1α. Hydroxylation of HIF-1α by HIF1AN blocks the coactivators CREB binding protein (CBP) and the 300-kilodalton coactivator protein (p300), thus inhibites transcriptional activation (Figure [10](#F10){ref-type="fig"}) \[[@R26]--[@R28]\]. Chen and Peng *et al* suggested miRNA-31/HIF1AN nexus altered cell proliferation, migration, and invasion in colorectal cancer cell lines and contributed to keratinocyte differentiation \[[@R24], [@R29]\]. In this study, through loss-of-function strategies, we found that miRNA-31 could regulate cell proliferation, apoptosis and cell cycle progression of keloid-derived fibroblasts by targeting *HIF1AN*. Therefore, this miRNA-31/HIF1AN nexus in keloid scarring agrees with previous studies \[[@R24], [@R29]\].

![Schematic of the described interaction between miRNA-31, HIF1AN and VEGF\
HIF1α can bind ARNT (also known as HIF1β) to form heterodimer, which affects recruitment of the coactivators CBP and p300. HIF1AN, hypoxia inducible factor 1 alpha subunit inhibitor; HIF, Hypoxia-Inducible Factor; VEGF, Vascular Endothelial Growth Factor; ARNT, Aryl hydrocarbon Receptor Nuclear Translocator; CBP, CREB Binding Protein.](oncotarget-08-74623-g010){#F10}

HIF1AN can also form a complex with Mindbomb 1 (Mib1) and Mib2, which is an essential modulator of Notch signaling \[[@R30]\]. Moreover, Wang *et al.* found that HIF1AN may inhibit HIF-mediated transcription of *GLUT1* and *VEGF-A* \[[@R31]\]. The vascular defects caused by HIF1AN over-expression could be alleviated by regulation of VEGF-A, suggesting that HIF1AN functions as an anti-angiogenic factor during fibrosis development \[[@R32], [@R33]\]. Our results demonstrated that VEGF participated in regulation process of miRNA-31/HIF1AN on biological function of fibroblasts. This suggests the role of VEGF as a crucial growth factor in keloid formation. Based on these results, our study suggests that upregulation of miRNA-31 inhibits *HIF1AN* expression and activates VEGF in keloid scarring. We consider that miRNA-31/HIF1AN/VEGF pathway may play a critical role in the process of keloid. However, the functional role of miRNA-31 *in vivo* requires further investigation.

Taken together, our findings indicate that miRNA-31 can induce the cell proliferation of keloid-derived fibroblasts by down-regulating *HIF1AN*. Manipulation of miRNA-31 may represent a novel therapeutic strategy for treating the keloid scarring.

MATERIALS AND METHODS {#s4}
=====================

Studies selection and integrated bioinformatics analysis {#s4_1}
--------------------------------------------------------

We retrieved studies that explored miRNA expression profiling of keloid and scar. The systematic search strategy was carried out using MEDLINE and ArrayExpress. The keywords and free text words used for this research were: (miRNA OR microRNA) AND profil\* AND (keloid OR scar). We also performed hand searches of articles on this topic. Studies were excluded in our study if they didn't use microRNA microarray. The study using only cell lines and serum was also excluded. All database searches were restricted to human subjects without language limitation.

Differential expression miRNA between keloid/scar and controls were extracted from the included studies. Then we tried to standardize the miRNA names according to miRBase database (Release 21, <http://www.mirbase.org/>). Cytoscape software platform was used to integrate these miRNAs of the included studies and visualize the networks.

Sample preparation, fibroblasts isolation and culture {#s4_2}
-----------------------------------------------------

We enrolled keloid patients and healthy controls at the Second Affiliated Hospital of Kunming Medical University between October, 2014 and May, 2015. The detailed medical history and clinical features of the patients with keloid were obtained from the medical records. All patients had not received topical and systemic therapy for at least 2 months before performing a skin biopsy. Skin biopsy was temporarily stored in the RNA later (QIAGEN Group) before RNA was extracted. Written consent was gathered from all participants before the study was performed. The study was approved by the research ethics committee of the Second Affiliated Hospital of Kunming Medical University.

Keloid skin tissue samples (5 total) and normal skin tissue samples (5 total) were excised, cut into 1 mm^3^ pieces and then digested with 0.25% trypsin at 37°C. After tissue pieces were washed and mechanically dissociated, the cells were filtered, centrifuged, and resuspended in complete medium and cultured on dishes in a 37°C, 5% CO~2~ tissue-culture incubator.

RNA isolation {#s4_3}
-------------

Skin biopsies were ground to a powder in liquid nitrogen. Total RNA was extracted from skin biopsies and fibroblasts using mirVana® miRNA isolation kit (Ambion®, Carlsbad, CA, USA) following the manufacturer's instructions. The quantity and quality of the extracted RNA were measured with Nanodrop-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Finally the sample was stored at -80°C.

Quantitative real-time RT-PCR (qRT-PCR) {#s4_4}
---------------------------------------

miRNA-31 and *HIF1AN* were further quantitated by qRT-PCR using an ABI7500 Real-Time PCR System in tissues and fibroblasts. The cycling conditions were as follows: 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds, 60°C for 30 seconds, and 74°C for 5 seconds. U6 small nuclear RNA was used as an internal control. The threshold cycle (Ct) was defined as the fractional cycle number at which the fluorescence passed the fixed threshold. Each sample was measured in triplicate, and the relative amount of miRNAs to U6 was calculated. The relative expression of qPCR results was determined using comparative CT (2^-ΔΔCt^) method. Data analyses were performed via GraphPad Prism v6.00.

Gene ontology analysis and pathway enrichment analysis {#s4_5}
------------------------------------------------------

TargetScan, PicTar and miRanda were respectively used to predict putative target genes of miRNA-31. Cytoscape software was used for integrating miRNA-target genes interaction networks. To identify relevant biological pathways of miRNAs profiles, we performed gene ontology enrichment analysis and KEGG Pathway enrichment analysis using DAVID (Database for Annotation, Visualization and Integrated Discovery, <http://david.abcc.ncifcif.gov/>). They mainly focused on three terms which include biological process, molecular function and cellular component. The significant of both go and pathway enrichment analysis was set at the threshold p-value ≤ 0.05.

Transfection of miRNA-31 mimic and miRNA-31 inhibitor {#s4_6}
-----------------------------------------------------

We obtained the sequence of the mature miRNA-31-5p from miRBase (<http://www.mirbase.org/>). The miRNA-31 mimic or miRNA-31 inhibitor and negative control (NC) were chemically synthesized by Ribobio Co. Ltd. (Guangdong, China). When keloid-derived fibroblasts grew to 50-70% confluence, miRNA-31 mimic or miRNA-31 inhibitor was transfected and incubated at 37 °C.

Western blotting {#s4_7}
----------------

The tissues and cultured cells were lysed and the protein was extracted using RIPA buffer (Solarbio, Beijing, China). The protein was quantified using a BCA kit (Sangon Biotech, Shanghai, China) according to the manufacturer's instructions. Protein lysates were separated using 10% SDS-PAGE gel electrophoresis and transferred to PVDF membrane (Bio-Rad, Richmond, CA, USA). Antibodies used for Western blotting were: anti-HIF1AN (Sangon Biotech, Shanghai, China), anti-VEGF (Sangon Biotech, Shanghai, China), anti-HIF-1α (Sangon Biotech, Shanghai, China) and anti-Tubulin (Sangon Biotech, Shanghai, China). HRP-conjugated anti-mouse and anti-rabbit secondary antibodies (Santa Cruz, USA) were used. Finally, the membranes were treated with ECL reagents kit and exposed to X-ray film to detect the protein bands. Relative expression of relevant proteins were quantified and normalized to protein Tubulin.

Cell counting Kit-8 assay {#s4_8}
-------------------------

Cell proliferation activity was detected using CCK-8 assay (Solarbio, Beijing, China). In brief, fibroblasts which transfected with miRNA-31 inhibitor, *HIF1AN* siRNA and normal keloid-derived fibroblasts were seeded at 5×10^3^ cells per well in 96-well plates for triplicate. At 0 h, 24 h, 48 h, 72 h, and 96h, 10 uL of CCK-8 solution mixed with 100uL of DMEM was added into each well. After 0.5 hours incubation, absorbance was measured at 450 nm.

EdU assay {#s4_9}
---------

Keloid-derived fibroblasts which transfected with miRNA-31 inhibitor, *HIF1AN* siRNA and normal fibroblasts were seeded at 96-well plates 1×10^4^ cells per well and incube 24 hours. Cells were cultured and EdU assay was performed according to the instruction. Photographs of the cells were captured with a fluorescent microscope equipped with a CCD camera (Nikon ECLIPSE Ti), and captured images were processed and analysed with Image-pro Plus software. S-phase cells were randomly selected from a single captured field, and the ratio of cell proliferation was calculated from five different fields.

Cell apoptosis and cell cycle {#s4_10}
-----------------------------

Fibroblasts were collected and washed twice with PBS. Then cells were suspended in 200 μL of binding buffer. 5 μL of Annexin V-fluorescein isothiocyanate and 5 μL of propidium iodide (PI) were added for cell apoptosis assay. 500 μL of PBS containing 50 μg/mL PI and 50 μg/mL RNA enzyme were added for cell cycle assay. Then the cell suspensions were incubated in dark at room temperature for more than 30 min. The expression of the fluorescent was measured using the flow cytometer.

3'-UTR luciferase reporter assay {#s4_11}
--------------------------------

The forward and reverse segment including miR-31-binding sites in 3'-untranslated region (3'-UTR) of *HIF1AN* was synthesized by Ribobio Co. Ltd. (Guangdong, China). Then segment was inserted into the XbaI and FseI sites of pGL3 control vector and generated wild-type (WT) and mutant (MUT) pGL3-control-HIF1AN. Keloid-derived fibroblasts were seeded and co-transfected with the above constructs and miRNA-31 expression vector, miRNA-31 inhibitor, control vector or negative control. After 48 h, fibroblasts were harvested and luciferase activity was analyzed using the Dual-Luciferase Reporter Assay System (Biotek synergy, USA).

Statistical analysis {#s4_12}
--------------------

All analyses were carried out with SPSS software (version 17.0, USA). Statistical analysis was carried out with a Student't test for the comparison of two groups and with a Fisher's exact probability test for the analysis of frequency. The relevant data were expressed as the mean ± SEM of at least three separate experiments. In this study, the p values 0.05 were considered significant.
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